(Received for publication June 1, 1942) The normal cardiac output (1) in essential hypertension implies a normal "total" blood flow to the entire body. The elevated arterial pressure has, therefore, been attributed to an increase in the "total" resistance of the vascular system. The arterioles are considered to contribute the major portion of this increased resistance.
Correlated determinations of arterial and capillary blood pressures in normal and hypertensive subjects should reveal the nature and location of the vascular resistance in hypertension. In hypertensive states, the capillary blood pressure has been measured (2 to 5), but by indirect methods, the reliability of which has been questioned (6) . It seemed advisable, therefore, to study the capillary blood pressure of normal and hypertensive subjects by the accurate, direct, micro-injection method (Landis) (7), and to make the observation not only under resting conditions but also during influences known to alter the circulation in the areas under study.
METHODS
The capillary blood pressure was determined in the nail-folds of the fingers. The direct micro-injection method (Landis) (7, 6) was employed throughout.
General. All of the methods, conditions, and precautions, fully described in a previous communication (8) under the general category of methods, were rigidly maintained in the present study. This pertained to equipment, surroundings, and subjects. Particular through the capillary ceased. Blood now entered the micropipette from one limb of the capillary and was expelled into the same limb when pressure in the micropipette was raised. The micropipette and capillary-limb acted jointly as a tube leading to the next most adjacent blood channel, arteriole, or venule. Equilibrium between micropipette-pressure and capillary blood pressure under these circumstances was believed to indicate the pressure in the nearest arteriole or venule. Readings obtained under these conditions are termed "arteriole" blood pressure and "venule" blood pressure, respectively.
Each value of capillary blood pressure indicated the pressure in a single capillary, and was obtained by averaging the individual values of a series of readings made during a single continuous observation on that capillary. Single readings which could not be checked by successive readings have been discarded as lacking sufficient reliability. Each value of arteriole or venule blood pressure was obtained in a similar manner.
Observations were made on 3 groups of subjects.
(1) Subjects with normal arterial pressures: normal individuals and patients convalescing from illnesses not associated with circulatory disturbances, hereafter termed normal subjects. (2) Patients with elevated arterial pressures: excepting 1 patient with acute nephritis, these subjects had essential hypertension; the majority were of the benign type, several were of the malignant type. (3) Subjects with low arterial pressure, either in association with their systemic illnesses, or as a result of local arterial disease, were included in the normal group. In no patient in any group, was there evidence of congestive heart failure or of an increase in venous pressure.
RESULTS
In both normal and hypertensive subjects, considerable variation in digital capillary blood pressure was found; not only from individual to individual but also in the same subject from day to day and even in adjacent capillaries of the same nail-fold during a single experiment. During moderate vasodilatation of the digital circulation, alterations in capillary blood pressure were occasionally observed during a single series of readings throughout which the micropipette remained in the same location in a given capillary.-Similar 711 variations also occurred during reflex vasodilatation, a state considered to be associated with a relatively constant digital circulation. Repiercing the s.ame capillary in the same location, at intervals throughout a single experiment, yielded capillary blood pressures which were usually comparable (Table I) . At times large differences were observed between determinations, even when an effort was made to keep the digital circulation constant (Table I) .
Effect of increased local venous pressure
A previous study (6) confirmed the observations of Landis (7) , that induced increases in local venous pressure were accompanied by rises in capillary blood pressure to values which exceeded the venous pressure.
Induding the cases already reported (6), the capillary blood pressure was measured in the same location, in the same capillary, at normal and elevated digital venous pressures, in 22 subjects with varying arterial pressures (Table II) . In all subjects, the capillary blood pressure in all locations of the capillary rose, in most instances to exceed local venous pressure by 1 mm. Hg to 15 mm. Hg. The response of the capillary blood pressure to increases in venous pressure was similar in both hypertensive and normal subjects (Table II) .
Effect of vasoconstriction in the digits
Another study (8) showed that neurogenic digital vasoconstrictions were accompanied by decreases in digital capillary blood pressure, which in 4 hypertensive patients were of approximately the same duration and magnitude as in 3 normal subjects ( Figure 1 ). Neither reflex vasodilatation nor the local hyperemia induced by the intradermal injection of histamine acid phosphate (1: 100 in salt solution) prevented these falls in capillary blood pressure in normal or hypertensive subjects (8 patients with essential hypertension, and in one patient with acute nephritis. In the "normal" group, the arterial pressure averaged 119/74 (mean pressure 96 mm. Hg). Systolic pressure ranged from 80 mm.-Hg to 156 mm. Hg, and diastolic pressure, from 50 mm. Hg to 98 mm. Hg. In the hypertensive group, the average arterial pressure was 188/124 (mean pressure 156 mm. Hg); the systolic pressure varied from 132 mm. Hg to 254 mm. Hg, and the diastolic pressure, from 96 inm. Hg to 186 mm. Hg. In one subject with multiple aneurysms, the arterial pressure was unobtainable.
In both groups of subjects, the wide variations in the capillary blood pressure for the same location in the capillary led to considerable overlapping of the values for arteriolar and venous limbs. Nevertheless, the values for corresponding locations in the capillary were approximately the samne in both the hypertensive and normal subjects (Table III). The scattering and overlapping were less marked when determinations were made during a single experiment on adjacent capillaries. At such times, the values for the two limbs of the capillaries were both in the same range, with the arteriolar limb pressure usually exceeding slightly the venous limb pressure.
Assuming the average values for each location in the capillary to be representative of the capil- Hg) in the hypertensive subjects. An increase of 50.5 per cent in the hypertensive subjects. But, when the gradient of pressure was measured in the same capillary, no significant difference was found in the gradient between corresponding locations of the capillary in 9 normal and 12 hypertensive subjects (Table IV) .
In both normal and hypertensive subjects, the gradient of fall of pressure from "arteriole" to "venule" was more marked than the gradient from arteriolar limb to venous limb of the capillary (Figure 4) .
The average arteriole-venule gradient for the normal subjects was 38.1 mm. Hg, for the hypertensive subjects 34.9 mm. Hg. In a few instances, both arteriole and venule blood pressure in the hypertensive subjects exceeded the highest values obtained in normal subjects. There was no correlation between arteriole or venule blood pressure and the mean arterial pressure. Digital capillary blood pressure during procedures designed to dilate the arterioles Reflex vasodilatation. Although reflex vasodilatation is associated with a constant, reproducible, and maximal digital skin temperature, digital capillary blood pressure determined during this state still varied widely in both normal and hypertensive subjects ( Figure 5 ). Even during a single experiment, throughout which digital skin temperature was maintained at the maximum level, considerable variation persisted in the digital capillary blood pressures measured in the same location of adjacent capillaries of a given individual. The limits of this variation and the average capillary blood pressures for both arteriolar and venous limbs were practically the same in the few hypertensive and normal subjects studied ( Figure 5 ). Moreover, the range of variation during maximal reflex vasodilatation approximated that obtained during moderate digital vasodilatation. During maximal reflex vasodilatation the average capillary blood pressure in the venous limb exceeded values obtained during the resting state, but the average pressure in the arteriolar limb remained unchanged ( Figures 5, 2, and 3) . As a result, the gradient of pressure from arteriolar limb to venous limb of the capillary became less steep: 2 mm. Hg in the normal subjects, practically zero in the hypertensive subjects. It is known that the digital blood flow during this state is, nevertheless, much increased.
Reactive hyperemia. The digital capillary blood pressure was always determined in the same location in the same capillary during reactive hyperemia as it had been during the resting state. With circulatory arrest, the blood continued to flow for 5 to 10 seconds, then stopped. It gradually became dark blue, more compact and seemingly more viscid, as indicated by its more sluggish movement in, and adherence to, the micropipette tip. Apparently, the red blood cells packed together, presumably as a result of the loss of plasma fluid. In the summits of 2 capillaries of a-patient with Raynaud's disease, the digital capillary blood pressure at this time measured 11 mm. Hg and 13 mm. Hg.
On release of the circulation, the mass of packed red blood cells tended to adhere to the wall of the capillary and, at times, several seconds elapsed u.
Ud
ARTRIfOLAR LIME before the mass was pushed onward and blood flow became reestablished. Sticking of the erythrocytes to the wall of the capillary was observed most frequently in those capillaries which had been previously pierced several times. Occasionally, it was necessary to prod the tissue about the capillary with the micropipette before the red blood cells moved forward and swift blood flow returned to the capillary. At times, even this procedure did not suffice, and the capillary remained "permanently" in stasis. During reactive hyperemia, the capillaries appeared very pink but not particularly dilated.
The above findings were similar in normal and hypertensive subjects.
In the few studies on the normal. sized capillaries of normal and hypertensive subjects, digital capillary blood pressure during reactive hyperemia was essentially the same as during the resting state (Table V) (Table V) . Difficulty in piercing quickly normal sized capillaries during the early period of reactive hyperemia (transitory at best) led to studies on the more easily pierced abnormally large digital capillaries of patients with Raynaud's disease.
In the summits and venous limbs of 5 capillaries in 2 subjects with Raynaud's disease, the capillary blood pressure during reactive hyperemia differed from the resting values by only -1.5 mm. Hg to + 5.5 mm. Hg (average 2.5 mm. Hg), usually in the positive direction (Table VI) . This kntained whether the reactive hyperemia involve he entire forearm or the digit alone.
After pi -ganglionic sympathectomy of the upper extremity the same 2 subjects, the observations were repeated with generally similar results (Table VII). In the summits and venous limbs of 10 capillaries, the capillary blood pressure during reactive hyperemia differed from the resting values by -11.0 mm. Hg to + 4.5 mm. Hg (average 4 mm. Hg) usually in a negative direction (Table  VII) . The occasional considerable difference was obtained when the determination was made quickly after onset of the hyperemia, when the preceding ischemia was of long duration (10 minutes rather than 5), and when the area of hyperemia was great (forearm rather than digit alone).
Histamine acid phosphate (1: 100) injected intradermally These experiments were few in number. During the erythema produced by the intradermal injection of histamine, considerable variation in digital capillary blood pressure still persisted in both the arteriolar and venous limbs of normal and creases were greater in the venous limbs than in hypertensive subjects ( Figure 6 ). In both the arteriolar limbs. In the normal subjects, the groups, and for both locations in the capillary, the average capillary blood pressure (Figure 6 ). These in-greater increases in hypertensive subjects, the re- sultant average capillary blood pressures in both during the usual moderate digital vasodilatation. the arteriolar and venous limbs were higher in In the few normal subjects studied, this gradient hypertensive than in normal subjects: arteriolar was 3.5 mm. Hg and in the hypertensive subjects, limb-normal 34.2 mm. Hg, hypertensive 46.6 5.1 mm. Hg ( Figure 6 ). The local blood flow mm. Hg; venous limb-normal 30.7 mm. Hg, during this erythema is believed to be much inhypertensive 41.5 mm. Hg. creased. During the histamine flare, the arteriole Due to the disproportionately greater increases blood pressure in both normal and hypertensive in venous limb pressure than in the arteriolar limb subjects was not significantly altered from that pressure, the gradient of fall of pressure from during moderate digital vasodilatation alone (Figarteriolar limb to venous limb was less steep dur-ure 4). In the normal subjects, the average aring the erythema produced by histamine than teriole blood pressure during the resting state was During a single experiment, the capillary blood pressure in the same location in a given capillary was measured, both before and after the production of a histamine-flare. In 3 normal subjects and 6 hypertensive patients, approximately equal changes were induced in the capillary blood pressure by the histamine-flare (Figure 7) (Figure 8 ) and venous limbs ( Figure 9 ). The lack of correlation was emphasized by the finding of almost equal digital capillary blood pressures in 2 patients. In one, the 201 mm. Hg. Lack of correlation between digital capillary blood pressure and arterial pressure persisted during the action of the above described digital vasoconstrictions and vasodilatations.
In 4 hypertensive patients, no significant differences were noted between the capillary blood pressures determined during the hypertensive state and those obtained when the arterial pressure had returned to normal (Table VIII) . Reduction in arterial pressure occurred spontaneously in 2 patients, accompanied unilateral nephrectomy in one, and in the fourth, followed bilateral subdiaphragmatic splanchnicectomy and lumbar ganglionectomy (9) . Although these determinations of capillary blood pressure were not made in the same capillary, nor in the same location in the capillaries at. the two levels of arterial pressure, the conditions were otherwise kept as nearly similar as possible.
While under observation, a moderately hypertensive patient developed local arterial disease which obliterated the arterial pulsations in the left upper extremity, thereby making indirect determinations of arterial pressure impossible. In the contralateral right arm, the arterial pressure remained moderately elevated. With the circulation to each upper extremity in moderate vasodilatation, the digital capillary blood pressure (determined largely in venous limbs) was almost identical on the two sides (Table VIII) It is significant for the maintenance of the passage of normal amounts of fluid across the capillary membrane that there be a mechanism whereby the capillary blood pressure remains relatively unchanged during the considerable alterations in blood flow which accompany physiologic stimuli. The essentially similar capillary blood pressure in the digits of both normal and hypertensive subjects indicates an increased steepness of the gradient of pressure in the hypertensive subject; and locates it between the artery (elevated pressure) and capillary (normal pressure), presumably in the arteriole. The increased pressure-gradient is apparently due to the increased resistance in the arteriole. This is in harmony with the present concept that the increased general vascular resistance in hypertension is arteriolar in origin. The 50 per cent greater average gradient of pressure from arteriolar limb to venous limb of the capillary in hypertensive subjects may suggest that the capillaries also contribute to the increased vascular resistance in hypertension. This consideration was discarded because of the wide scattering of values in both groups of subjects and the failure of capillary blood pressure to show any relationship to the arterial pressure. Certainly, the overwhelming portion of the increased vascular resistance in the digits of the hypertensive subjects is arteriolar in origin. These data do not indicate the nature of the increased arteriolar resistance, whether functional (constriction), or the result of some disease process.
If vasodilating procedures relaxed fully the vascular resistance of both hypertensive and normal subjects, then, due to the greater arterial pressure, the capillary blood pressure in the hypertensive subjects should exceed that in normal subjects. The three vasodilating procedures employed, reflex vasodilatation, reactive hyperemia, and histamine injected locally, all produced vasodilatation through relaxation of vascular resistance. These few experiments suggested that only the locally injected histamine appeared to relax, at least to some extent, the increased vas- 
